Abstract
Introduction
Lung carcinomas are the leading cause of cancer-related mortality worldwide and are responsible for 1.4 million fatalities per year [1] . Over the last decade, the development of targeted therapy has prompted efforts to genetically classify patients with lung carcinomas into subsets, such as epidermal growth factor receptor (EGFR)-mutated type [2] [3] , and anaplastic lymphoma receptor tyrosine kinase (ALK)-rearranged type [4] . ROS1-rearranged NSCLCs have recently been defined as a new subset of NSCLCs [5] . In phase I clinical trial of crizotinib, strong antitumor activity has been observed in patients with advanced ROS1-rearranged NSCLC [6] . These results underline the importance of identifying patients with ROS1-rearranged NSCLCs.
Although FISH has been the gold standard method for the detection of ROS1 rearrangement, its high cost and the high level of expertise and specialized equipment have made it impractical to test every patient with NSCLC. And IHC for ROS1 protein seems to be a promising screening modality, but it was reported that the D4D6 clone may exhibit cross-reactivity with other epitopes such as Her-2, and it also can react in proliferating non-neoplastic pneumocytes [7, 8] . Therefore, identifying the independent predictors for ROS1-rearranged NSCLCs and building a prediction model may help pathologists prescreen suitable patients fast and effectively for molecular testing and targeted treatment, especially for IHC equivocal cases. The clinical and histological characteristics of ROS1 rearrangement have been reported by some studies [9] [10] [11] [12] [13] , but the significant prediction factors have not been identified because of the paucity of ROS1-rearranged samples.
In this study, we analyzed 27 patients with ROS1 rearrangement in 1165 unselected patients with NSCLCs and compared their clinical features and histological characteristics with those of other subtypes (EGFR mutation, ALK rearrangement and triple-negative cases). Furthermore, we identified independent predictors for ROS1 rearrangement, built prediction model for ROS1-rearranged NSCLCs by multiple logistic regression analysis, and tested the performance of prediction model on a new cohort of 57 lung adenocarcinomas (53 ROS1-and 4 ROS1+).
Materials and Methods

Patients and samples
Our study cohort consisted of 1165 NSCLCs diagnosed between 2010 and 2014. The clinical characteristics of all patients are summarized in S1 Table and the flow chart is present in Fig 1. All the cases were analyzed by real-time PCR for EGFR mutation analysis, immunohistochemistry (IHC) (the D5F3 antibody) for ALK rearrangement, and positive cases were further evaluated by FISH. Among these 1165 NSCLCs, 301 cases of patients with surgically resected lung adenocarcinoma diagnosed between 2010 and 2012 were made into tissue microarrays (TMA), which were prepared using 2.0-mm cores sampled from 2 different sites of each tumor specimens (Hengtai, Liaoning, China). ROS1 rearrangement analysis was performed on the TMA by IHC using the D4D6 antibody and then all 301 cases were verified by FISH and real-time PCR; other 864 cases including 472 lung resections and 392 biopsy specimens were detected using the D4D6 antibody, and samples with 1-3+ were verified by FISH and real-time PCR. In order to clarify clinical characteristics of different subtypes, samples with available medical records and genotype were separated into four groups: EGFR-mutated, ALK-rearranged, ROS1-rearranged and triple-negative groups. The validated cohort consisted of 53 ROS1-and 4 ROS1+.Of these, 53 ROS1-were IHC 1-3+ cases screened from 949 surgical NSCLCs diagnosed between 2014 and 2016.
The study was approved by the Ethics Committee of the First Affiliated Hospital of Zhejiang University. The Ethics Committee waived the need for consent for the use of the samples in this research study. None of the cases were selected, but some cases were patients with known genotypes referred by other local hospitals, some of whom had a poor response following a variety of treatments.
Pathology Review
Haematoxylin and eosin (H&E)-stained slides of all samples were reviewed by two experienced pathologists to evaluate the histologic characteristics based on the IASLC/ATS/ERS classification of lung adenocarcinoma [14] .
Immunohistochemistry
IHC for ROS1 was performed on 4 μm-thick FFPE tissues, using rabbit primary monoclonal ROS1 antibody D4D6 (Cell Signaling Technology, Danvers, MA, USA) with a Ventana automated immunostainer (Ventana Medical Systems, Tucson, AZ) according to the manufacturer's protocol (S1 file). IHC staining scores for ROS1 were assessed as follows: score 3+ for strong, granular cytoplasmic staining diffusely and homogenously in most tumor cells ( Fig  2A) ; score 2+ for moderate, smooth cytoplasmic staining in most tumor cells with occasional strong staining ( Fig 2B) ; score 1+ for faint, focal cytoplasmic staining less than the score 2+ criteria ( Fig 2C) ; and score 0 for the complete absence of staining (Fig 2D) . IHC scoring was performed by three pathologists unaware of the FISH results.
Fluorescence In Situ Hybridization
Slices of FFPE tissues, 4μm thick, were used to evaluate the presence of ROS1 gene fusion by FISH, using a break-apart probe for ROS1 (6q22 ROS1Break Apart FISH Probe; Abbott Molecular, Des Plaines, IL, USA) according to the technical instructions and interpretation standard (Fig 2E and 2F ).
Real-time PCR
ROS1 was amplified by multiplex real-time PCRs using a Stratagene Mx3000P real-time PCR system (Stratagene, CA) with an AmoyDx 1 ROS1 fusion gene detection kit (Amoy Diagnostics
Co., Ltd, Xiamen, China) (S2 file). The status of the EGFR mutation and ALK rearrangement were also analyzed by real-time PCR and IHC, according to methods previously described [15] . Table) .
Clinical Characteristics of patients with ROS1-rearranged NSCLCs
The clinical features of patients with ROS1-rearranged, ALK-rearranged, EGFR-mutated, and triple-negative tumors are summarized in Table 1 . The characteristics of patients with ROS1 rearrangement were female, younger in age, never or light smokers and in a more advanced stage at diagnosis, which was similar with ALK-rearranged patients. Compared with the ROS1-rearranged patients (average, 53 years), EGFR-mutated (average, 60 years) and triple-negative patients (average, 60 years) were older (P = 0.004). The EGFR-mutated patients tended to occur in patients of lower stage at diagnosis (P = 0.049) compared with patients with ROS1 rearrangement. The triple-negative NSCLCs were found significantly more commonly in males (63.8%, P<0.001) and smokers (48%, P = 0.008).
Histologic Characteristics of ROS1-rearranged NSCLCs
Most ROS1-rearranged tumors were adenocarcinoma, and one case had focal squamous differentiation (accounting for 10%of the tumor volume). The histologic characteristics of 27 ROS1-rearranged NSCLCs are described in detail in S3 Table. These cases consisted of 14 resected specimens and 13 biopsy specimens. In the resected group, the acinar-predominant growth pattern was the most commonly observed in 57% (8/14) of ROS1-rearranged tumors, followed by the solid pattern (21%) and papillary pattern (14%) (Fig 3A-3C ). All 8 acinar-predominant cases showed a cribriform structure, 7 of which were found to have abundant extracellular mucus or signet-ring cells. Cribriform structure, extracellular mucus, and psammomatous calcifications ( Fig 3D) were frequently noted in 85.7% (12/14), 71.4% (10/14) and 42.9% (6/14) of ROS1-rearranged tumors, respectively. In the biopsy group, solid patterns were the most frequently observed with 7 cases (78%), and 3 of them (33%) presented signet-ring cells. Moreover, ROS1-rearranged tumors were found to be associated with distinct cytologic features: 1. 56% (5/9) of biopsy specimens were composed of "hepatoid" cells (Fig 3E) , which has eosinophilic cytoplasm, round nuclei and obvious nucleoli; 2. Tumor cells in 57% (8/14) of resected specimens showed distinct nuclei with vacuole around nuclei and prominent nucleoli (Fig 3F) .
Comparison between ROS1-positive and ROS1-negative cases
Statistical analysis was performed in resected samples, and histologic features of 14 ROS1-rearranged NSCLCs were compared with those of 182 ROS1-negative NSCLCs (Table 2) . Cribriform feature (P<0.001), psammoma body (P<0.001), any solid pattern (P = 0.001) and mucinous cells or extracellular mucus (P = 0.003) were associated with ROS1-rearranged NSCLCs. 
Comparison among ROS1-positive, ALK-positive, EGFR-mutated and triple-negative NSCLCs
The histologic characteristics of the four groups of patients are compared in Table 1 . Similar with the clinical features, the histologic characteristics of ROS1-rearranged patients were similar as those of ALK-rearranged patients but very different from the EGFR-mutated and triplenegative NSCLCs. Cribriform structure was seen in 86% of ROS1+ tumors (compared with only 15% of triple-negative cases and 22% EGFR-mutated NSCLCs, both P<0.001) and extracellular mucus was seen in 71% of ROS1+ tumors (compared with only 18% of triple-negative cases and 20% EGFR-mutated NSCLCs, both P<0.001). Signet-ring cells was seen in 21% of ROS1+ tumors (compared with only 1% of EGFR-mutated NSCLCs, P = 0.009). Any papillary pattern (43%) and any solid pattern (93%) were both frequently seen in ROS1+ tumors (compared with only 13% of triple-negative NSCLCs and 32% of EGFR-mutated NSCLCs, P = 0.009 and P<0.001). Notably, the psammoma body (Fig 3D) is more likely to be present in ROS1-rearranged cases (43%, 6/14) than in ALK-rearranged cases (11%, 4/38) (P = 0.016), and even fewer in EGFR-mutated (4%, 3/82) and triple-negative (5%, 3/62) cases.
Multiple Logistic Regression Analysis
We performed multiple logistic regression analysis to identify the independent predictors for ROS1 rearrangement status. No significant differences were found with patient's age, smoking status, lepidic predominant, acinar predominant, papillary predominant, solid predominant, the presence of perinuclear vacuole, hepatoid cell, extracellular mucus and signet-ring cells. The three criteria (female sex, the presence of psammoma body and cribriform structure) were identified as independent predictors for ROS1 rearrangement. The significant prediction factors for ROS1 rearrangement are shown in Table 3 . Of these predictors, the presence of a cribriform structure had the highest risk ratio (odds ratio, 14.415; 95% confidence interval, 2.849-72.938; P = 0.001). Based upon the result of a multiple logistic regression analysis, we developed a prediction model for ROS1 rearrangement: logit(P) structure = 2, and psammoma body = 2, total scores of 2 or more are considered "highly probable" for ROS1 rearrangement. We tested the prediction model on additional cohort of 57 lung adenocarcinoma including 4 ROS1+ and 53 ROS1 IHC 1-3+ but FISH negative cases. Finally we get 7 "highly probable" cases, and 4 of them were verified ROS1 positive by FISH. The prediction model performed with sensitivity of 100% and specificity of 94.3%.
Discussion
In this study, we identified 27 ROS1-rearranged NSCLCs. ROS1-rearranged NSCLCs has distinct pathologic features. Acinar-predominant growth pattern with cribriform structure was the most common histologic characteristics in the resected group, which was in agreement with what Chen et al [8, 9] reported. In the advanced stage group, the solid-predominant growth pattern with signet-ring cells was the most common feature, which was consistent with a previous report [12] . This difference between resection samples and biopsy samples may due to the different stages of the patients, as most patients of resected group were in stage I-IIIA whereas all patients with biopsy samples were in stage IV. Additionally, the tumors of advanced stage showed a trend toward presentation with a solid pattern. Due to the paucity of ROS1-rearranged NSCLCs, the characteristic morphologic appearances of ROS1-rearranged NSCLCs remained has discrepancy. Sholl et al reported that solid and papillary-predominant patterns were more common than the acinar pattern [7] . In contrast, Go et al found that solid and papillary-pattern growth were the two most common growth patterns in ROS1-rearranged NSCLCs [12] . We presumed that this discrepancy may be due to the mix of biopsy samples, the small number of cases and the different stages of the patients. Our histologic analysis of the different specimen types may help elucidate the previous controversy. In our study, female sex, the presence of psammoma body and cribriform structure were identified as independent predictors for ROS1 rearrangement. The presence of cribriform structure was the most significant independent characteristic of ROS1 rearrangement. Cribriform architecture was considered as a pattern of acinar adenocarcinoma [14] , and it was defined by invasive "back-to-back" glands with poorly formed glandular spaces lacking intervening stroma or having very thin stroma in limited areas between glandular spaces [16, 17] . Yoshida et al identified presence of mucinous cribriform architecture or solid growth with signet-ring cells in 53% of the ROS1-rearranged cases, which was similar with our cohort [11] . However, the statistical analysis for histologic features was not performed in their cohort. We finally identify cribriform structure but not signet-ring cell (P = 0.538) was a predictor for ROS1-rearranged NSCLCs by multivariate analysis. The extracellular mucus was also not identified as a predictor for ROS1-rearranged NSCLCs by multivariate analysis, although it was significantly correlated with ROS1 rearrangement (P = 0.003) by χ 2 test. Recently, Kadotaet al found cribriform predominant tumors was a poor prognostic subtype of acinar predominant tumors, and presence (!10%) of the cribriform component is an independent predictor of recurrence [18] . This was concordance with the poor prognosis of ROS1-rearranged patients [9, 10] . It would be interesting to find out the proportions of ROS1 rearrangement in NSCLCs with cribriform component. The psammoma body was also identified as an independent characteristic of ROS1 rearrangement. The psammoma body was usually present in papillary thyroid carcinoma [19] . In our cohort, psammoma body were noted in 43% of ROS1-rearranged NSCLCs but in few cases (11%) of ALK-rearranged NSCLCs (P = 0.016) and even fewer cases in the EGFR-mutated (4%) and triple negative tumors (5%). Sholl et al also found that ROS1-rearranged NSCLCs had frequent (67%, 6/9) psammomatous calcifications [20] . We advise pathologists to record the presence of psammomatous calcifications in NSCLCs, which may be helpful for prescreening ROS1-rearranged patients.
Histomorphological features of the primary tumor site, such as psammoma body, growth pattern, nuclear features and abundant mucus, were also preserved in the metastatic tumors. The metastatic sites of the ROS1-rearranged cases also expressed the ROS1 protein, which suggested that the histomorphology of metastatic tumors could be evaluated for identifying patients with ROS1 rearrangement, and screening for ROS1 could also be conducted in metastatic tumors on the condition of primary tumors were unavailable.
In this study, 290 IHC 0 and 14 IHC1+ staining were negative verified by FISH, and 19 cases (68%, 19/28) with 3+ and 8 cases (47%, 8/17) with 2+ staining showed ROS1 rearrangement by real-time PCR and FISH; nine out of twenty-eight tumors (32%) with strong expression of ROS1 protein (3+) and nine out of seventeen 2+ staining were found to be negative by FISH and real-time PCR. Although the non-specific staining has been excluded, such as osteoclast-type giant cells and reactive epithelial proliferations [20] , these nine discordant 3+ cases in our study were difficult to interpret because of their strong and diffuse cytoplasmic staining for ROS1. Based on earlier reports, 5 cases with strong expression of ROS1 protein but negative by FISH assay were identified [8, 11, 20] . Mescam-Mancini suggested that the D4D6 clone may exhibit cross-reactivity with other epitopes such as Her-2 [8] . Understanding the histologic characteristics of ROS1 rearrangement will help pathologists recognize the ROS1-rearranged cases and exclude the false positive cases. Therefore, we built a prediction model by multiple logistic regression analysis to prescreen suitable patients for molecular testing. The prediction model was validated by the ROC curve and the area under ROC curve was 0.899, which was close to maximum 1. We further tested the prediction model on validated cohort, and it turned out to be effective: sensitivity of 100% and specificity of 94.3%. Therefore, this prediction model appeared to be effective to help pathologists identify potential ROS1-rearranged patients, especially in IHC equivocal cases.
Some limitations of our study must be considered. 1. KRAS mutation group was not included in this study because the incidence of KRAS is low (<10%) in the Chinese population [21] , and the analysis of KRAS mutation is not routinely performed in patients with lung carcinomas. 2. Most of our cases were in newly diagnosed patients in whom survival analysis could not be performed due to the short follow-up period. In conclusion, female sex, a cribriform structure and the presence of psammoma body were characteristics of patients with ROS1-rearranged NSCLCs. Combined with IHC, the prediction model of ROS1-rearranged NSCLCs may help pathologists find "highly probable" patients before molecular tests. However, none of prediction model can work perfectly, the diagnosis of ROS1-rearrangement need to be validated by FISH or real-time PCR. 
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